The results of a systematic investigation of the role of serum proteins on the interaction of 
Introduction
"What the cells see" [1] is the question that in present days researchers are asking themselves when investigating the response elicited in complex biological media (cell cultures or tissues)
by nanoparticles (NP). Indeed, such response is the result of the actual state of the exogenous materials, typically in terms of the layers of adsorbed proteins (the so called "corona"), responsible for the interaction with cell membrane and receptors. [2] [3] [4] [5] [6] In this concern, several studies have reported that the protein corona, obtained from incubation in 10% v/v fetal bovine serum (FBS), reduces the adhesion of NP to cell membrane, leading to reduced cellular uptake. [7, 8] However, also the dispersion state should play a significant role. [9] In several cases preparation methods have been finely tuned to obtain stable suspension of monodispersed NP, but suspension media and conditions can be significantly different with respect to the incubation and/or pre-incubation media used for in vitro or in vivo studies. For instance, on one hand the presence of divalent cations (typically Ca 2+ and Mg 2+ ) can affect in a significant extent the surface potential of negatively charged surfaces (as usually those of NP at physiological pH), leading to a substantial decrease in the repulsive double-layer forces between surfaces. [10] On the other hand, adsorbed protein can act as surfactants, and the final dispersion state of NP in experimental conditions should result from a complex balance between different effects. In such a scenario, it is worth to notice that different protocols for in vitro cell tests can require different concentration of proteins in the culture medium. [11] [12] [13] Hence, discrepancies among results obtained in such tests might also depend on difference in the interplay among the factors indicated above. Moreover, the rationalisation of these effects on the basis of in vitro experiments could allow to attain some insight also useful for the analysis of data obtained in vivo.
Flourishing research activities in the field of nanoscience are exploring and demonstrating the possibility of exploiting in life science smart properties of different classes of nanoparticles, both organic and inorganic in nature, as well as of their composites and hybrids. [14] Among the hybrid ones are fluorescent dyes-silica nanoparticles which, by suitably pairing dyes and preparation methods can exhibit a very intense photoluminescence, [15] and then behave as highly effective optical nanotools. [16] In this concern, IRIS Dots are fluorescent hybrid dyesilica NP developed in our laboratory for the attempt of optical imaging. [17, 18] As we showed in a previous work, IRIS Dots are suitable for efficient and harmless long-term human
Mesenchymal Stem Cells (hMSCs) labelling in FBS added medium. [19] Indeed, the investigation of the interaction between these cells and nanoparticles is rising a significant attention, because, on one hand, of the possible application, ranging from drug delivery [20] to magnetic resonance imaging, [21] and, on the other hand, of the various aspects involved in such interactions, [22] which can exhibit a significant dependence on the cell type. [23] On this basis, by considering the possible enhancement of silica NP in hMSCs uptake due to FBS-free incubation and in order to contribute to the elucidation of the corona formation/influence, in this work we carried out a systematic investigation of the effect of difference in FBS concentration, stepwise ranging from 0 to 10% v/v, used to complement Dulbecco-Modified
Eagle's Medium (hereafter DMEM), in the internalization of IRIS Dots by hMSCs. In particular, attention was paid to carry out physical chemical investigation of NP suspended in incubation media in conditions corresponding as much as possible to those experienced by nanoparticles when actually administered to cell cultures, in order to attain quantitative determinations of the NP dispersion and coverage of NP surface by adsorbed proteins actually "seen" by cells. As for the latter point, amounts of irreversibly adsorbed proteins (the so called "hard corona") were determined by thermogravimetry, augmented by spectroscopic measurements of the reversible fraction. Moreover, ζ-potential and CD-UV measurements were carried out to obtain complementary insights on the surface coverage by hard corona proteins.
Results and Discussion

FBS adsorption on IRIS Dots
Agglomeration vs dispersion of IRIS Dots in the incubation media
The state of IRIS Dots suspended in water, in DMEM and then added in such form to DMEM with different FBS concentration (1.0, 2.5, 6.0, 10.0% v/v) was investigated in terms of hydrodynamic radius (R H ) and ζ-potential (Figure 1 ; raw DLS data in Figure S1 in the Supporting Information, hereafter SI). R H was measured both keeping not adsorbed proteins in the suspension media (curve a) and removing them, i.e. leaving NP covered by the protein hard corona suspended in bare DMEM (curve a'). This latter condition was also used for the measurements of ζ-potential (curve b). Nanoparticles resulting from the synthesis and suspended in distilled water (pH 5.5) exhibited a R H of ca. 25 nm (full circle), in good agreement with the mean size observed by TEM (d m 50 nm ± 2 nm), [17] indicating they are basically monodispersed.
(part of the page left intentionally blank, in order to display together Figure S1 in the SI. All data were collected after 1 h of suspension on the relevant suspending medium. The dispersion state of NP suspended for 6 h in bare DMEM and DMEM complemented with 1% v/v and 10%v/v FBS, and no significant changes with respect incubation time of 1 h were observed ( Figure S1 in the SI).
Figure 1 and related caption in the next page) --------------------------------------------------------------------------------------------------------------
Conversely, the suspension of IRIS Dots in bare DMEM resulted in a significant increase of R H to ca. 740 nm, indicating the occurrence of particle agglomeration. Then, aliquots of NP [3] It can be concluded that a complete redispersion of IRIS Dots was not attained in the FBS concentration range considered in this investigation.
The inverse dependence of NP dispersion on the FBS concentration indicated that the process should be mainly driven by diffusion (typically dependent on concentration gradients) of proteins within preformed NP agglomerates. Hence, by considering that the distribution of R H values remained monomodal (see Figure S1 in the SI), it can be proposed that serum proteins can diffuse from the medium throughout the inter-particle spaces in the agglomerates and, by to ca. -24.0 mV passing from monodispersed NP in pure water to the largest agglomerates in bare DMEM, ii) increased to ca. -11.5 mV for agglomerates separated from the 1.0% v/v FBS incubation medium, and iii) remained almost constant for agglomerates separated from incubation media containing higher amount of serum. By considering that ζ potential of FBS solution in DMEM was of ca. -9.4 mV, this trend agree with the presence in all IRIS Dots/FBS DMEM systems of agglomerates almost completely covered by a hard corona, masking possible contribution to ζ potential from the surface of silica nanoparticles.
Quantitative study of FBS adsorption on IRIS Dots
As a next step, amount of adsorbed proteins and related surface coverage were determined.
This latter is typically calculated by taking into consideration specific surface (SSA, m 2 ·g -1 ) of the adsorbing solid. However, it must be considered that SSA of IRIS Dots was measured by adsorbing N 2 molecules on agglomerated NP (they were in a dry state, see Experimental and then the mass, of each NP. [17] The inner volume of a spherical agglomerate of radius R H actually occupied by IRIS Dots was estimated by multiplying the total volume for the occupancy factor for solids resulting from an hexagonal packing of identical spheres, as observed for these NP. [17] The occupied volume was then divided by the volume of each NP, obtaining an estimation of the number of IRIS Dots, and then of their overall mass, present in an agglomerate. The input values and the results of this procedure are summarized in Table 1 . from reference 24.
Focusing on the amount of adsorbed protein per NP mass unit, a monotonous increase by increasing the FBS equilibrium concentration was obtained (Figure 2A ). Similar amounts of hard corona proteins were obtained from gravimetric measurements (Figure 2A , curve a), insensitive to the actual composition of the adsorbed protein pool (expected to be different from the pool in solution), and from measurement of the absorbance intensity at 280 nm, due to aromatic residues in FBS proteins remained in the incubation media ( Figure 2A, curve b) .
On the basis of such similarity, the amount of reversibly adsorbed proteins can be simply evaluated from the difference between the total amount of adsorbed proteins (determined only spectroscopically, Figure 2A , c) and the amount of proteins in the hard corona (Figure 2A, a,   b ). Hence, data indicated that for a 1.0% v/v FBS concentration, essentially only hard corona proteins were present of NP agglomerates, while higher FBS contents resulted in the occurrence also of a reversible adsorption, which finally accounted for almost 50% of the total amount of adsorbed proteins.
Turning to the estimation of the coverage of agglomerates by proteins, the complexity of FBS prevented the possibility to calculate theoretical amounts corresponding to a monolayer on the basis of the surface area occupied by one adsorbed protein, as typically carried out in the case of BSA absorption. [25] Thus, in the present case the surface coverage was evaluated in terms of number of peptide units per nm 2 : being known the average aminoacid composition of proteins (see Table S2 of SI) and the weight of each kind of aminoacids, the mass amount of adsorbed proteins were easily converted in number of adsorbed peptide units. Once reported per surface unit of NP agglomerates and as a function of the FBS concentration in the incubation media, volcano curves were obtained ( Figure 2B ). At present it is rather difficult to propose an explanation for such a trend, likely resulting from the interplay among various factors, but a quite interesting insight is present in these data: even considering only hard corona proteins ( Figure   2B , curves a and b), a minimum amount of ca. 55 peptide units per nm 2 was found. By considering that the surface area of IRIS Dots agglomerates was overestimated (see above), and the actual amount of protein adsorbed per surface unit area should be even higher, the data reported above clearly indicate that NP agglomerates are completely covered by a protein corona, even at the lowest FBS concentration considered (1.0% v/v).
This scenario is in agreement with the trend exhibited by the ζ-potential (Figure1, b, and related comments) which monitored the complete masking of the silica surface by adsorbed proteins.
Spectroscopic investigation of adsorbed proteins
Additional investigations aimed at complementary insights on the layers of adsorbed proteins were performed by CD-UV spectroscopy. After the last centrifugation, nanoparticles were suspended in distilled water, to attain a proper transparency in the spectral range investigated. helix motifs in the structure of FBS proteins, [26, 27] in agreement with the typical composition of such protein pool. [28] Conversely, no signals were observed in the transparency region of FBS solution treated with guanidine hydrochloride, as expected for a complete denaturation.
Indeed, random coil proteins produce a negative CD signal below 210 nm. The spectra of proteins in the hard corona adsorbed on IRIS Dots ( Figure 3 , curves b-e) appeared significantly different in intensity and shape with respect to the case of FBS in solution ( Figure 3 , curve a), but still exhibited components at λ≥ 210 nm, indicating that a complete denaturation did not occur. In particular, the negative band at 222 nm due to α-helical motifs decreased in intensity in favor of a negative signal at longer wavelength. A similar spectral behavior was attributed to the formation of interprotein β-sheet structures by interaction among proteins with a prevalent α-helix structure, [29] and, in the present case, well agrees with the formation of adsorbed protein multilayers proposed above. For the sake of completeness, it must be also considered that additional effects could have contributed to the observed changes in the CD-UV spectral profiles, because the composition of the hard corona is expected to differ with respect to the initial protein pool in solution.
[30]
Check of IRIS Dots states in cellular environment
A qualitative check of the dispersion states of IRIS Dots in culture media during cell culture was then carried out, as link between cell-free and cellular experiments. In this respect, the external cellular microenvironment was analyzed by confocal microscopy and transmission electron microscopy (TEM). In summary, NP agglomerates were detected in great amount by confocal microscopy in the extracellular milieu for cells treated with serum-free IRIS Dots, they appeared barely detectable for cells incubated with 1.0% serum-added IRIS Dots and negligible in the other serum-added conditions ( Figure S3 in the SI). To confirm the observation that the aggregation state of nanoparticles decreases as the serum content increases, the number and the mean area of the NP aggregates was evaluated (Table S3 in confirmed that NP in 0% FBS condition exhibited a significantly higher density (NP·µm -2 , p<0.01) than in 1% and 10% FBS (bottom row of Figure 4 ).
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Quantitative study of IRIS Dots cellular uptake
To obtain a quantitative time course of IRIS Dots internalization in hMSCs incubated with different serum conditions, flow cytometry experiments were performed. IRIS Dots were preincubated for 1 h in the same DMEM based media used for cell free experiments (serum free; added with 1.0, 2.5, 6.0, 10.0% v/v FBS) and then administered at 20 µg mL -1 to plated hMSCs for increasing incubation times from 15 to 360 min. Before cell detachment and harvesting for flow cytometry analysis, all samples were extensively washed with PBS in order to remove excess IRIS Dots passively adsorbed on the cell surface. -
A monotonous increase of mean cell fluorescence intensity during the time course of hMSCs incubation was obtained in all cases (Figure 5A ), indicating that NP internalization is a timedependent process. Significant differences were observed in dependence on the composition of the incubation media: cells incubated with IRIS Dots in serum-free medium ( Figure 5A , curve a) exhibited an uptake rate significantly higher compared to uptake rates observed for serum-added samples, which, in turn, decreased as the FBS content in the incubation medium increased ( Figure 5A , curves b-e). It must be considered that the switch from "serum-free medium" to "serum-added medium" involved the simultaneous change in three experimental parameters: i) the extent of agglomeration of NP approaching cells (see Figures 1, 4 and S3 in the SI), ii) the presence/absence of a protein corona on NP agglomerates and iii) possible sensitivity of the uptake cell behavior to the presence/absence of serum in the culture medium.
In order to elucidate, at least in part, the effectiveness of these parameters, the role of the hard corona in uptake cell behavior in the presence or absence of FBS was investigated. Figure S1 and Table S1 in the SI). These results appeared in agreement with data in Figure 1 , dealing with NP coated with the protein hard corona, separated by the incubation medium by centrifugation and resuspended in serum-free medium.
The four sets of NP were administered to hMSCs following the same protocol reported above and the internalization was monitored by flow cytometry. For the sake of completeness, a control sample was included administering NP pre-incubated in bare DMEM (resulting in IRIS Dots agglomerates with R H of ca. 740 nm, see Table 1 ) to cells kept in serum free conditions. As for the previous set of measurements reported in Figure 5A , a significantly faster increase of mean cell fluorescence intensity was obtained for the control ( , [7, 30] but in such case lung epithelial cells were used, and silica NP remained almost monodispersed when administered.
To evaluate the possibility that the different uptake level was due to the different cellular metabolism in different serum conditions, another set of experiments was performed using CellTiterBlue assay. hMSCs were treated with both IRIS Dots and CellTiterBlue in serum free and serum added (1.0 and 10.0 % FBS v/v) conditions and the level of mitochondrial metabolism was analyzed through the resulting mean fluorescence intensity. As shown in Figure 6 panel A, the 10% serum added condition significantly reduced the cellular metabolism, while serum free and 1% serum added conditions did not show statistically significant differences. This observation could partially explain the decrease of uptake rate as the content of serum in incubation medium increased observed in Figure 5A curves b-e. -
----------------------------------------------------------------------------------------------------------
The possibility that different mechanisms of internalization could be the explanation for the different uptake level between serum free and 1.0% serum added conditions was then evaluated. To this purpose, the NP uptake was tested in the presence of two different pharmacological inhibitors: Cytochalasin D (CytD), which inhibits actin-related phagocytosis and non-clathrin-non-caveole-dependent endocytosis, and Dynasore, which inhibits the clathrin-caveole dependent endocytosis. Because of the ability of the cells to elude one inhibiting pathway through the redundant activation of other mechanisms normally not involved, a short incubation time was chosen for treating cells with IRIS Dots and inhibitors. Figure 6 B shows that the presence of inhibitors decreases the NP uptake level for both serum free and 1% serum added conditions. However, it is interesting to underline that in serum free condition the uptake seems to be mainly dependent on actin-related phagocytosis and nonclathrin-non-caveole-dependet endocytosis, while in the 1% serum added condition the main mechanism involved was the clathrin-caveole dependent endocytosis.
Altogether, these results suggest that the presence and amount of serum proteins is crucial for determining the NP uptake level of hMSCs, because it influences both the cellular metabolism and the endocytic pathway involved.
Conclusion
The collection of results obtained in this work allows to propose some conclusions dealing with methodological aspects, insights on silica nanoparticles-serum interaction and the role of free and adsorbed proteins in the uptake of nanoparticles by hMSCs.
As for the first aspect, the combination of thermogravimetry and spectroscopy seem to be effective in determining both the irreversible and reversible amounts of adsorbed serum proteins. Moreover, the attainment of complete surface coverage of nanoparticles by the protein hard corona can be monitored by combining ζ-potential and CD-UV measurements.
When silica nanoparticles agglomerate in culture media, the surface of the agglomerates can be completely covered by a hard corona even for serum proteins concentration as small as 1.0% v/v. At higher concentration proteins act as dispersing agents, but, because of the higher amount of proteins in the incubation media, the external surface of the smaller agglomerates can still be covered by a complete hard corona. Consequently, cells can always "see" the surface of protein layers adsorbed on nanoparticles even changing the serum content in the 1.0-10.0% v/v range. The uptake of silica nanoparticles by hMSCs appears more sensitive to the absence/presence of serum proteins in the culture media than to the absence/presence of the adsorbed protein corona or the size of agglomerates. As for this latter, a direct relationship with respect to the uptake rate seems to be effective. In vitro experiments to evaluate the cellular uptake kinetics, cellular metabolism and involved endocytic pathway showed a great impact of the presence/absence of serum in these parameters. Our results underline the importance of the study of different incubation condition in the experiments to obtain a more complete NP/cells scenario.
Experimental Section
Materials: N-hydroxysuccinimide (NHS) ester of IRIS3 cyanine was purchased from Cyanine
Technologies srl (now Pianeta S.p.A.). Reagents and solvents used for preparation of IRIS Dots (tetraethylorthosilicate, aminopropyltrie-thoxysilane, cyclohexane, n-hexanol, Triton X-100, dimethylformamide and diethylether) as well as PBS (phosphate buffer saline), deuterated water and guanidine hydrochloride were high-purity Sigma-Aldrich products and used as received. ii) filters with IRIS Dots carrying the hard corona (HC-IRIS Dots) were removed from the syringes and placed in falcons (15 mL), 5 mL of DMEM was added to each of them, and falcons were rotated end over end for 15 min;
iii) filters were recovered and analyzed with a spectrophotometer (Horiba Jobin-Yvon Fluorolog 3; spectra collected in the "front face" mode for solid samples); in no case the photoemission typical of IRIS Dots (λ ex = 520 nm; λ em = 570 nm) was detected, indicating the removal of nanoparticles from the filters; iv) each suspension of IRIS Dots removed from the filters was divided in two aliquots, one used for DLS measurements and quantification and the other for cell tests.
v) on the basis of the quantification, HC-IRIS Dots were prepared at a nominal concentration of 20 µg·mL -1 and used for cell tests.
Detection of IRIS Dots uptake by hMSCs:
To detect the uptake of IRIS Dots, hMSCs were seeded at 7000 cells cm -2 in sterile eight-well µ-slides (Ibidi GmbH) or 25 cm 2 flasks or 6
well-plates respectively for confocal microscopy, transmission electron microscopy (TEM) and flow cytometry. After 24 h of culture in standard growth medium to allow cell attachment, cells were washed three times to remove serum and then treated with IRIS Dots as previously described.
For uptake analysis by confocal microscopy, green 5-Chloromethylfluorescein Diacetate For TEM analysis, the cell pellets were processed according to the procedure described by Raimondo et al. [31] In brief, the pellets were fixed in 1% parafolmaldehyde, 1.25% glutaraldehyde and 0.5% saccharose in Sörensen phosphate buffer (0.1 M, pH 7.2) for 2 h.
After washing in 1.5% saccharose in Sörensen phosphate buffer (0.1 M, pH 7.2) for 6-12 h, the pellets were post-fixed in 2% osmium tetroxide, dehydrated, and embedded in Glauert's embedding mixture [32] of three independent experiments were obtained for the various serum conditions. The statistical analysis was performed using t-test, ** p<0.01; *** p< 0.001.
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The absence of serum proteins in the culture media increases the uptake rate of dyedoped silica nanoparticles by mesenchymal stem cells. As a consequence, and because of the dispersing action of proteins, bare and large agglomerates of nanoparticles enter the cells more quickly than smaller agglomerates coated with a protein corona.
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Comment to the figure
Suspensions of agglomerates of IRIS Dots carrying the protein hard corona were prepared by controlling the amount of sample in order to attain the same nominal concentration of proteins in unit volume of the samples. The amount of protein hard corona per mass of IRIS Dots obtained by TGA measurements and the mass of IRIS Dots used for the incubation with FBS solutions were used as data base. Despite the nominal equivalency of the amount of FBS proteins present in such samples, significant differences were obtained in the intensity of the absorption signal in the 180-260 nm range due to π→π* and n→π* transitions of the carbonylic groups in the polypeptide backbone (panel A). In particular, an opposite trend of the spectral intensities (decreasing from curve b to curve e) with respect the amount of adsorbed proteins per mass of IRIS Dots (increasing from curve b to curve e) was obtained. Likely, the origin of such discrepancy was the inhomogeneity of the suspension of the samples during the measurements. Thus, the Absorbance spectra were normalized to a common intensity value (panel B), and the normalization factors were used for the normalization of the corresponding CD-UV spectra (panel C: original; panel D: normalized). Finally, it is worth to notice that such data elaboration did not affect the shape of the CD-UV lines, and then the information contained in the change of the relative intensity of the negative bands at 209 and 219 nm with respect FBS in solution (see comments on Figure 3 in the main text). 
